Hierarchical micro/nano structure Hydrophobic Anti-fouling Corrosion resistance a b s t r a c t Surface that durably and anti-fouling are of interest for fundamental research and industrial application in the heat exchanger equipment. In the present study, hierarchical micro/nano structure (HMNS) is fabricated by electrical discharge machining (EDM) method. The morphology, metallographic and crystalline structures as well as corrosion resistance of the HMNS are characterized. The micro/nano structure improves the corrosion resistance and hydrophobic property of the surface. The HMNS, with the grain size dimension of 1.5-11 m,
Introduction
Fouling is an important problem for the heat exchanger equipment. Fouling, such as inorganic crystallization fouling (ICF) [1] , organic fouling [2] , biofouling [3] , etc. adheres on the heat exchanger surface will lead to the increases of the fouling chemical agents will bring some dangerous heavy metal to the environment.
Recently, researches showed that the typical ICF adhered on the heat transfer surface can be avoided by controlling the surface characteristics, such as the surface roughness, contact angle and surface energy [4] . Cheng et al. [6] found that there existed an effective range of surface energy to obtain the better anti-fouling property. The anti-fouling property can be improved by adjusting the surface energy of heat transfer surface by surface modified technologies [7, 8] . A wide range of anti-fouling coatings have been produced by different surface modified technologies. The amorphous coating [9] and metallic composite coating [6, [10] [11] [12] [13] [14] fabricated on the heat transfer surface via electroless technology are the most common antifouling coatings. The coatings synthesized by chemical vapor deposition (CVD) [15, 16] and sol-gel method [17] are also reported in recent years. Nevertheless, the effective working life of the coatings fabricated by chemical treatment gradually decrease with the increased temperature of heat transfer surface. For example, TaN [8] and TiN [18] coatings prepared by magnetron sputter are easy to fall off from the heat transfer surface. Compared with chemical treatment, the anti-fouling coatings prepared by physical method like microstructure machining [4, 19] , displayed superior mechanical strength and longer working life. However, the high cost for the equipment and low production efficiency of the physical method make it necessary to develop a new idea to manufacture anti-fouling coatings.
In recent years, electrical discharge machining (EDM) method is used to fabricate micro/nano structure with low surface energy and hydrophobic property on the metal surfaces [20, 21] . The micro/nano structure can also be changed by adjusting the machining parameters, which indicates the surface characteristics, including surface energy and hydrophobic property, can be controlled by the machining parameters. During the EDM process, the metal is melt under the high temperature from the discharge current between the tool electrode and surface and then solidified on the surface to form the micro/nano structure. Moreover, when compared to other anti-fouling fabrication methods, EDM method is a green method with less pollutions and lower cost, exhibiting a potential for producing surface with remarkable anti-fouling performance.
In the present study, micro/nano structures with different surface energy are modified on the heat transfer surface by EDM method. The anti-fouling and corrosion resistance properties of the resulting surface are investigated. The antifouling mechanism of the micro/nano structure surface is revealed and the relationship between the anti-fouling property and the surface characteristic is also discussed. This study gives a new idea for the design of anti-fouling coating or devices in heat transfer surface area.
2.
Experimental procedures
Preparation of modified surface
Pure copper (99.7 wt.% with size of 10 × 10 × 3 mm and 99.9 wt.% with diameter of 20 mm) were supplied by Shen- zhen Hongwang Mold Co. Ltd., China and used as the heat transfer surface and tool electrode respectively. Their compositions are listed in Table 1 . The common die-sinking EDM machine (D7145, Jiangsu Sanxing machinery manufacture Co. Ltd., China) was shown in Fig. 1 . The dielectric fluid was EDM fluid (GREATWALL M0251, SINOPEC Group, China). The surfaces of substrates were first polished by SiC abrasive paper from 300-1000 P and then machined by EDM machine. EDM machining parameters are shown in Table 2 . The modified substrates were respectively ultrasonic cleaned by ethanol, acetone and deionized water for degreasing and removing surface borne impurities, and then dried in a vacuum oven at 35 • for 2 h.
Anti-fouling property experiment
The CaCl 2 + NaHCO 3 mixed solution was used to characterize the anti-fouling performance of the polished and modified surfaces [1, 10, 19] . Concentration of fouling solution was 0.1 mol L −1 for accelerating fouling processes. All chemical reagents were analytical grade and the solvent was deionized water. The anti-fouling experiment was carried out by a selfmade heat transfer test device, as shown in Fig. 2 . The polished and modified surfaces were immersed in the fouling solution at 50 • and keep in the self-made heat transfer test device for 72 h. The adhering fouling weights on the surface were measured every 8 h by an electronic analytical balance with an accuracy of 10 −3 g (BSA223S-CW, Sartorius, Germany) and five replicate tests were carried out for each sample.
Characterization
The morphology of the modified surface and the fouling were characterized by SEM (JSM-6510LV, JEOL, Japan) and the chemical compositions were analyzed via EDS (X-act, OXFORD Instruments, UK) equipped with SEM. The chemical compositions of modified surface were also detected by XPS (Escalab 250Xi, Thermo Fisher Scientific, USA). The 3D structures of modified surfaces were evaluated by AFM (CSPM5000, Being Nano-Instruments, China) in continuous measure mode and the measure range was 16 m × 16 m. The metallographic structures of the test samples section were observed via metallographic microscope (Axio Observer A1m, Zeiss, Germany). The crystalline structure of modified surface before anti-fouling experiment was investigated by X-ray Diffraction using Cu K␣ radiation with a wavelength of 0.15418 nm (Ultima IV, Rigaku, Japan). The surface roughness (Ra, arithmetic mean roughness) was measured via surface roughness measuring instrument (JB-1C, Shanghai Cany precision instrument Co. Ltd., China) and the average value from three random regions for each sample was reported with their error. Contact angle test was carried out by contact angle measuring instrument (SD-CAZ2, Dongguan Chengding precise instrument Ins., China) and the deionized water was used as the testing medium. Test drops (4 L) were placed on the surface and the average contact angle values measured at five different positions of the same sample were reported. The grain size of modified surface was measured, each sample for three times in the same test region, by image processing software (Nano Measurer V 1.2.5, Fudan University Jie XU) and the measured data was also statistically analyzed via this software.
Corrosion resistance was performed by electrochemical workstation (Zennium, Zahner, Germany). The test mode was three-electrode configuration. The samples, platinum electrode and saturated calomel electrode (SCE) were respectively used as working electrode, counter electrode and reference electrode [22] . The test samples were sealed up around by silica gel with an exposed surface area of 10 mm 2 . The samples were immersed firstly in the 3.5 wt.% NaCl solution for 30 min without stirring at room temperature until the opencircle potential of samples reached the stable values. The scan range of the polarization plotting was from −0.6 V to 0.2 V with 1 mV scan rate. The frequency range of electrochemical impedance spectroscopy (EIS) was 10 −2 -10 5 Hz. The EIS curves were analyzed and fitted to equivalent circuits by using the software ZsimpWin. All electrochemical measurements were conducted at least three times to confirm reproducibility. 
3.
Results and discussion
Surface morphology and wettability
Figs. 3 and 4 respectively shows the SEM, optical images and AFM morphologies of polished and modified surfaces before anti-fouling experiment. As shown in igs. 3 and 4, the polished samples show a flat surface, and the modified samples display a rough surface with different morphologies from each other. Typical EDM characteristics, such as micro/nano porous, molten ball, recast region, are appeared on the modified surface [23] . As shown in Fig. 3 (e), these typical EDM characteristics are uniformly distributed on the sample surface. And the nano porous shown in the red frame of Fig. 3 (b) are also distributed homogenously and hierarchically on the surface. That is, the nano porous combines the micro scale structures to form the hierarchical micro/nano structure (HMNS), which is uniformly distributed on the modified surface. When the tool electrode discharges to machine the copper surface, the high temperature come from the discharge current is up to thousands degrees [24] . The surface metal is melted immediately, some metal and dielectric fluid are even gasified. The melted metal are scoured away by the dielectric fluid and then cooled down and solidified later. During the solidifying process of the melted metal, the co-effect of bubbles from the gasified dielectric fluid and the spark impacts the metal surface and then the micro/nano porous are formed [25, 26] . Besides, the number and dimension of nano porous are increase with the increase of current, uniformly distributed on the micro region of modified surface, as shown in Fig. 3(b-d) .
Thus, the roughness of modified surfaces is also increase with the increase of current ( Table 3 ). Because of the micro/nano structures, the copper surface is changed from hydrophilic to hydrophobic surface [27] . The (Table 3 ). Base on the Wenzel hydrophobic mode [28] , the contact angle can be expressed as
where w represents the actual contact angle of the surface of solid. c represents the intrinsic contact angle of the surface of solid, which can be measured on the polished surface of solid.
f is roughness factor and its value can be calculated by the proportion of actual surface to geometric surface. The roughness factor f stands for the contribution of surface roughness to hydrophobic property. It is obvious that the value of f is more than 1. According to Figs. 3 and 4, the surface morphologies of the HMNS become much more complex and the contact angle increase with the increase of current. The increased contact angle indicates the corresponding f of the HMNS is also increased and the effect of micro/nano structure on hydrophobic property is increased with the increase of current. Thus, the hydrophobic property of the HMNS can be improved by increasing the current.
The chemical compositions of the HMNS are shown in Table 4 . The existence of O element indicates some oxidations are adhered on the HMNS. The C, Cl and Al elements come from the decomposed dielectric fluid due to the high temperature.
Crystalline structure of the HMNS
The XRD results of the polished, 1#, 2# and 3# before antifouling experiment are shown in the Fig. 5 . All samples display typical X-ray diffraction pattern of pure copper, indicating that there is little change of crystalline structures and no nanocrystalline phase formed in the solidified layer of the HMNS. In addition, elements (C, Cl and Al) from dielectric fluid are absent. For more details of the chemical compositions on HMNS, the Cu 2p XPS spectrums of polished and HMNS samples are shown in Fig. 6 . As shown in Fig. 6(b-d) , there are two main peaks (Cu 2p 3/2 and Cu 2p 1/2 ) and some satellite peaks with weak intensity in all XPS spectrum of HMNS samples. The peak of Cu 2p 3/2 of HMNS samples is at the binding energy of 933.6-934 eV and the peak of Cu 2p 1/2 appears in the binding energy range of 952. [30] , which is affected by the EDM current shown in Table 4 . Fig. 7 shows the metallographic images of cross sections and statistical diagram of surface average grain sizes of different samples. As shown in Fig. 7 , the crystalline structure of the HMNS is different from that of untreated matrix. Fig. 7(b-d) shows an obvious undulated interface on the HMNS, which is similar to the AFM morphology shown in Fig. 4 . Three distinctive regions, namely, HMNS, Heat affected zone and Copper matrix, are observed from the cross section. The thickness of the HMNS increases with the increase of current and the average thickness value of 1#, 2# and 3# samples are respectively 10 m, 13 m and 18 m. Besides, there are no obvious cracks appeared in the HMNS from the cross section images shown in Fig. 7(a-d) . From Fig. 7(e) , the crystalline structures of the HMNS are micro grains with grain size of 1.5-11 m, which are smaller than that of the polished and the average grain sizes of the HMNS increases with the increase of current. It is because the increased current brings high temperature and more melted metal, which formed larger scale grain size after solidification.
Corrosion resistance of the HMNS
The corrosion resistance results of polished surface and HMNS samples in 3.5 wt.% NaCl solution are shown in Fig. 8 . Table 5 is the electrochemical and Tafel parameters from polarization curves of the polished and HMNS samples, including the corrosion potential (E corr ), corrosion current density (I corr ), anode Tafel slope (ˇa), cathode Tafel slope (ˇc) and corrosion rate. The Tafel parameters were calculated by using the Tafel extrapolation method [31] . As shown in Table 5 , the E corr values of 1#, 2# and 3# are respectively 0.092 V, 0.077 V and 0.056 V, which are much positive than that of polished sample. The E corr indicates the resistance of material for corrosion behavior and the more positive E corr value of HMNS sample reflects the better corrosion resistance. Besides, the anode polarizability value is increases from 1# to 3# with the increase of current density. The more positive E corr and lower anode polarizability value suggest that the HMNS samples show better corrosion resistance in 3.5 wt.% NaCl solution than that of polished sample. The E corr value of HMNS samples is decrease from 1# to 3#, which indicates the micro size grain can enhance the corrosion resistance of HMNS. On the other hand, the I corr value of HMNS sample, which reflects the corrosion rate, is increase with the increase of EDM current and lower than that of polished sample. It is due to the different content of CuO passive film on HMNS sample (Fig. 6 ), which can affect the charge transfer resistance of passive film. According to the result of I corr , it means that the charge transfer resistance of passive film on HMNS sample decreases with the increasing EDM current. The different corrosion rates are caused by the different sizes and distribution of micro grains in HMNS. The different size of distribution of micro grains brought different grain boundary length in HMNS, which could affect I corr due to the variety of grain boundary conduction and reactivity [32] . Moreover, the anode polarizability value reflects the corrosion resistance, which increased from 1# to 3# with the increasing I corr , and means 1# with smallest size micro grain shows the best corrosion resistance among the HMNS samples. Thus, the overall corrosion resistance and corrosion rate of HMNS sample can be altered by the grain size [32] , which was similar to pure Mg [33] and 316 L steel [34] . Fig. 8(b-d) shows the Nyquist and Bode plots of the polished and HMNS samples in 3.5 wt.% NaCl solution. The Nyquist plot shows that the radiuses of capacitive arc of the HMNS samples are much larger than that of the polished surface and their radius decrease with the increase of current. The result indicates the HMNS samples display better corrosion resistance than that of polished sample, and the corrosion resistance of HMNS samples are decrease with the increase of current, which is corresponding to the result of polarization curves. In addition, there are two capacitive arcs in the Nyquist plot ( Fig. 8b) , which indicates the polished surface and HMNS have two time constants ( Fig. 8b and d) . The equivalent circuit model shown in Fig. 8(b) is used to study the more details of the corrosion procedure of samples in NaCl solution. The equivalent circuit model of Nyquist plot for samples can be described
where R s is the solution resistance, R f is the charge transfer resistance of passive film, R ct is the charge transfer resistance, Q f and Q dl is the constant phase element. Table 6 gives the parameter of equivalent circuit model, the R f and R ct of HMNS are higher than that of polished surface and their value decreases with the increasing current. The reduction of R f of HMNS is due to the change of content of CuO passive film on HMNS samples [35] , which is shown in Fig. 6 and Table 4 . The decrease of R ct of HMNS reflects the corrosive rate of the HMNS in NaCl solution is increase, which may be caused by the increasing grain size of HMNS [32] . The ions in corrosion medium are more difficult to react with the HMNS due to the small average grain size and high density of grain boundaries allowing for faster diffusion and oxide formation [36, 37] . Usually, the passive film is easily formed on the surface with a large amount grain boundaries [38] . In the NaCl solution, the main corrode ion is OH + ion, which reacts with the metal surface to form oxide. According to the result in Table 6 , the reduction of R f and the increment of Q f from 3# to '# indicate the passive film on HMNS sample become thickening and compaction [35] . The corrode ion the NaCl solution is difficult to pass through the compaction passive film to corrode the surface. As a result, the compaction passive film provide the protection effect thoughtfully and lead to increase the charge transfer resistance of HMNS, which affects the radius of capacitive arc in the Nyquist plot (Fig. 8b) . In addition, the passive film reduces the I corr and helps to inhibit the ions from corroding the substrate [39, 40] . 
3.4.
Anti-fouling property performance of HMNS Fig. 9 shows morphologies of the polished, 1#, 2# and 3# after anti-fouling experiments for 72 h. As shown in Fig. 9(a) , the polished sample displays a flat layer with a lot of cube like crystals with a dimension range of 5-70 m and needle like crystals with a length about 40 m. When compared to the polished samples, it is clearly see that there fewer fouling crystalline adhered on the samples surface, that is, fewer cube like or needle like crystals with smaller size observed on the surface. The XRD results of the polished and HMNS after antifouling property experiment are shown in Fig. 10 . For HMNS, characteristic peaks of CaCO 3 fouling appear and the XRD peak intensity of fouling is lower than that of the polished. It indicates that the amount of fouling adhered on the polished surface is larger than that on the HMNS and the fouling types adhered on all test surfaces are calcite and aragonite. Besides, the XRD peak intensity of fouling gradually reduces from 1# to 3# fouling. It means the amount of fouling adhered on the HMNS gradually reduces from 1# to 3# fouling, and these results are consistent with the observations in Fig. 9 .
After anti-fouling property experiment, HMNS were sealed up around by silica gel with a test area of 10 mm 2 for electrochemical test. The polished fouling, 1# fouling, 2# fouling and 3# fouling respectively represent the polished, 1#, 2# and 3# after anti-fouling property experiment. Fig. 11 shows the polarization curves of polished, 1#, 2# and 3# after anti-fouling property experiment in 3.5 wt.% NaCl solutions. As shown in Fig. 11 , there is an obvious passivation area in polarization curve for all test samples. Besides, for the polished fouling, there are other two peaks appeared in the passivation area of polarization curve, which is different from that of the original polished sample showing in Fig. 8(a) . The electrochemical and Tafel parameters of the polished fouling, 1# fouling, 2# fouling and 3# fouling are shown in Table 7 . According to the Fig. 11 and Table 7 , the E corr of polished fouling decreases significantly when compares to that of polished before antifouling property experiment. The E corr of all HMNS fouling slightly offset to negative potential direction. It means the polished surface is corroded seriously by fouling solution and the HMNS is slightly corroded, showing superior corrosion resistance. For the polished surface, the adhered fouling on the polished surface likes a layer and combines with the original copper passive film to affect the heat transfer surface. Hence, when the dynamic potential starts to scan from −0.6 V, the ions of CaCO 3 fouling diffuses into the NaCl solutions due to the instability of the fouling and the process is a dynamic balance process. When the dynamic potential increases to −0.2092 V, the fouling layer dissolves and form many cracks in the layer. Then the Cl in the solution embed the cracks and react with the substrate, leading to the current peak appears in the polarization curve. When the dynamic potential continues to increase toward 0.2 V, the original copper passive film dissolves and the current peaks appear again in the polarization curve. For the HMNS fouling, there are few fouling adhered on the surface as shown in Fig. 9 and the corrosion behavior of fouling to the HMNS is inhibited due to the superior corrosion resistance of HMNS, which slightly affect the polarization curve of HMNS fouling. Moreover, after anti-fouling experiment, the HMNS exhibits better corrosion resistance than the polished according to the results of E corr and corrosion rate in Table 7 . This phenomenon indicates the chemical stability of HMNS in the fouling solution and the influence of corrode ions to HMNS is little. Fig. 12 shows the variations of fouling weight adhered on the polished, 1#, 2# and 3# surface. The fouling weight on the HMNS is significantly lower than that of the polished surface. The fouling weight of the HMNS is fluctuant. Combining the result shown in Fig. 9 , the fouling adhered on the HMNS is loose and easy to fall off. Owing to the hydrophobic property of HMNS, air cushion trapped in the micro/nano structures of the HMNS, preventing the fouling crystals in the solution adhere and grow up on the HMNS. As for the polished surface, the fouling crystalline could adhere firmly on the oxidation layer and grow up rapidly with experimental time. As a result, the HMNS fabricated by EDM shows a better anti-fouling performance than the polished surface.
Durability test of HMNS
The durability is an important factor for the industrial application of HMNS. According to the ASTM standard (ASTM D3359-09) [41] , the hydrophobic property of HMNS after many times of semitransparent tape adhesion is measured by contact angle measuring instrument. The tape test of the HMNS sample per condition was repeated three times. The contact angle of HMNS after the tape adhesion is shown in Fig. 13 . According to Fig. 13 , the contact angle values of HMNS samples decrease with the increase of tape adhesion frequency, the drop range of contact angle for 1#, 2# and 3# is, respectively, 6.97%, 9.38% and 4.09%. It maybe because the micro/nano structure, such as the molten ball and nano porous, is destroyed when the tape is torn off from the surface. In addition, the HMNS after the durability test remains in the hydrophobic surface state, which can improve the anti-fouling property of surface. That is, the anti-fouling property of HMNS is durability and it is suitable for industrial application.
Conclusion
The hierarchical micro/nano structure (HMNS) fabricated by EDM shows the hydrophobicity and better corrosion resistance property and enhanced inhibition of fouling adhesion than that of polished surface. Only a few fouling adhered on the HMNS after being immersing in CaCl 2 + Na 2 CO 3 solution for 72 h at 50 • and the adhered fouling on the HMNS is loose and easy to fall off. Moreover, the HMNS remains in the hydrophobic surface state after 50 times of semitransparent tape adhesion and the durability of HMNS is suitable for industrial application. There is an industrial prospect by EDM method to fabricate anti-fouling surface for heat transfer surface in one-step process with low cost and no pollution during machining procedure.
